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ABSTRACT

The research portion ofthis thesis focuses on two main aspects ofEscherichia
coli 0157:H7. The first investigation was an examination concerning the influence of

growth temperature on heat-, lactic acid-, and freeze- induced inactivation and injury of
E. coli 0157:H7. Three strains ofE. coli 0157:H7 isolated from ground beef, apple cider,

and salami were grown at optimum (37°C)and suboptimum (10°C)growth temperatures

for 16 hr and 7 days, respectively. Strains were inoculated into 0.1% peptone water(PW)
and heated at 52, 54, and 56°C or stored at -20°C for heat or freeze-induced inactivation

and injury, respectively. Lactic acid induced inactivation and injury was performed by
inoculating and holding test strains. Growth of strains at 10°C as compared with 37°C
had a significant impact on reducing(P<0.01) D-values obtained for heating, acid

exposure, and freezing, with the exception ofthe cider strain stored in lactic acid. When
strains were cultivated at 10 and 37°C and heated at 54 and 56°C, the salami strain

possessed the highest(P<0.01) D-values. When grown at 10°C,the beef strain had the
lowest(P<0.01) D-values after heating at 52, 54, and 56°C. The salami strain grown at

10°C had the highest(P<0.01) D-values in all concentrations oflactic acid. After growth
at 37°C,the salami strain had the highest(P<0.01) D-values after storage in 0.1 and

0.25% lactic acid, while D-values for salami and beef strains did not differ(P>0.05) when
stored in 0.5% lactic acid. The cider strain grown at 37°C had lower(P<0.01) D-values

than the beef strain after storage in 0.25 and 0.5% lactic acid. Substantial portions of

strain populations were sublethally injured after heat and lactic acid treatments, as
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evidenced by the inability ofinjured organisms to form colonies on tryptone soya agar
containing 2% NaCl. Strains cultured at 10°C were more susceptible to sublethal injury,
as compared with strains cultured at 37°C. Storage of test strains at -20°C for 7 months
resulted in a 4 to 6 log CFU/ml reduction in viable population, but induced only minimal
sublethal injury. After 5 months at -20°C, strains cultured at 10°C were more sensitive to

freeze-inactivation than strains cultured at 37°C. When grown at 10 and 37°C and stored
at -20 for 7 months,the cider strain possessed higher(P<0.01) D-values than beef and

salami strains. Results ofthis investigation indicate that the environment from which E.
coli 0157:H7 is isolated, as well as growth temperature, can influence resistance of the
organism to heat-, lactic acid-, and freeze-stress.
The second investigation was an examination ofthe influence of package

atmosphere on growth and survival ofE. coli 0157:H7 stored at 37,10, and 4°C. The
salami strain used in the previous study was used for investigation due to its resistance to
heat- and lactic acid-induced inactivation and injury. The strain was heated for 10 min at

56°C, as described in the previous study, to achieve approximately 90% injury within the
test population. Populations of uninjured and heat-injured E. coli 0157:H7 were
inoculated onto brain heart infusion agar containing 0.3% beef extract, packaged in
barrier bags in air, 100% COj, 100% Nj,20% CO2/80% Nj, and vacuum and stored at 37,

10, and 4°C. Package atmosphere and inoculum status (i.e., uninjured or heat-injured)
influenced (P<0.01) growth and survival ofE. coli 0157:H7 stored at all test

temperatures. Growth of heat-injured E. coli 0157:H7 was slower(P<0.01)than
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grew during 10 days of storage at 10°C, while heat-injured populations declined during
20 days of storage at 10°C. Uninjured E. coli 0157:H7 stored at 10°C reached stationary

phase growth within approximately 10 days in all packaging atmospheres except COj.
Populations of uninjured and heat-injured E. coli 0157:H7 declined throughout storage
for 20 days at 4°C. Survival of uninjured populations stored at 4°C, as well as heat-

injured populations stored at 4 and 10°C, was enhanced in CO2 atmosphere. Survival of
heat-injured E. coli 0157;H7 at 4 and 10°C was not different(P>0.05). Results of this
investigation indicate that uninjured and heat-injured E. coli 0157:H7 are able to survive
at low temperatures in the modified atmospheres used in this study. Therefore, packaging
treatments commonly applied to fresh beef may be ineffective at inhibiting growth and
survival ofthis pathogen.
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CHAPTER I
INTRODUCTION

In January of 1993, an unusually high number of patients with symptoms
consistent with Escherichia coli 0157:H7 infection became apparent to physicians at the

Children's Hospital and Medical Center in Seattle, Washington (Tarr, 1994). Over 600

patients with hemorrhagic colitis and/or hemolytic uremic syndrome were diagnosed.
Seventy five percent ofthe infections were linked to consumption of ground beef; 3 died,
and approximately 40% ofthe infected individuals acquired hemolytic uremic syndrome
(Tarr, 1994). Over half of these patients required kidney dialysis or hemofiltration for
acute kidney failure or electrolyte balance, and most required transfusions to overcome
the hemolytic anemia and thrombocytopenia (Tarr, 1994).
Strains of E. coli 0157:H7 can cause severe human illnesses such as hemorrhagic

colitis and hemolytic uremic syndrome, although less severe symptoms may include
nausea, vomiting, watery diarrhea, abdominal cramps, fever, and malaise(Molenda,

1994). Unlike most foodbome bacterial pathogens, E. coli 0157;H7 can induce illness in
humans when as few as 10 organisms are ingested. In the United States, over 250 deaths

and 20,000 infections each year are attributed to E. coli 0157:H7(Boyce et al., 1995a).

However,only 59% of230 randomly selected North American clinical laboratories that
perform stool cultures routinely screen for E. coli 0157:H7 in cases of bloody or nonbloody diarrhea(Boyce et al., 1995b).

Domestic cattle have been suggested to be important reservoirs of E. coli
0157:H7,and in 1994, the United States Department of Agriculture(USDA)declared

that raw ground beef harboring E. coli 0157:H7 would be considered "adulterated" and

prohibited from sale. The USDA employs several methods to reduce contamination ofE.
coli 0157:H7 and other bacteria present on beef. These include organic acid rinses, hot

water rinses, and steam pasteurization, but the effectiveness of such measures is

questionable, as evidenced by recent E. coli 0157;H7 outbreaks linked to beef. Foods
such as apple cider (Besser et al., 1993), roast beef(Rodrigue et al., 1995), salami
(Alexander et al., 1995), yogurt(Morgan et al., 1993), and turkey roll(Salmon et al.,
1989) have also been implicated vehicles ofE. coli 0157:H7 infection.

RATIONALE

Although minimal processes applied to foods can substantially reduce bacterial
populations present in food, bacteria are often rendered injured by these processes (Busta,
1994). Injury within bacterial populations can be beneficial in extending sbelf-life, due to

extending the lag phase of populations present in the food. However, problems can arise
because these injured bacteria often exhibit increased sensitivity to compounds
commonly used in selective enumeration media(Busta, 1994). As a result, typical

enumeration protocols can give misleading results regarding the population of viable but

injured bacteria present, and if storage conditions are suitable for repair, bacteria can
grow to substantial populations rendering the food potentially dangerous for

consumption.
Modified atmosphere packaging(MAP)is an effective method of extending shelflife offoods. Approximately 80% offresh beef in the United States is vacuum packaged
before leaving the packaging facility, primarily due to its effectiveness at increasing

shelf-life (Jay, 1996). However,the vulnerability of MAP foods from a safety standpoint
is that with many modified atmospheres containing moderate to high levels of carbon

dioxide, the aerobic spoilage organisms which usually warn consumers with signs of

spoilage (i.e., off-odors and flavors) are inhibited, while growth of pathogenic bacteria
may be unaffected or even stimulated (Farber, 1991). Modified atmospheres commonly
used for fresh vegetables have no effect on the growth and survival ofE. co// 0157:H7

(Hao and Brackett, 1993), while anaerobic conditions increase tolerance ofE. coli
0157:H7 to heat stress(Gadzella and Ingram, 1994; Murano and Pierson, 1992). Golden

et al.(1989)reported that survival of uninjured and heat-injured Aeromonas hydrophila at
4°C is enhanced by atmospheres of 100%N2.

OBJECTIVES

The objectives of this thesis are:

(1)

To determine the influence of growth temperature on inactivation and

development of injury in E. coli 0157:H7, as induced by heating, lactic acid,
and freezing.

(2)

To assess the general heat-, lactic acid-, and freeze-resistance of E. coli
0157:H7.

(3)

To evaluate the variability exhibited among E. co// 0157:H7 strains isolated
from different food environments to the stresses noted above.

(4)

To determine the influence of modified atmosphere on survival and growth of
uninjured and sublethally heat-injured E. coli 0157:H7 stored at 37,10, and
4°C.
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CHAPTER II

LITERATURE REVIEW

In 1885, Theodore Escherich discovered and described the properties of
Bacterium colt commune, which later was renamed Escherichia coli, from infant feces,

(Sussman, 1985). E. coli was first regarded as non-pathogenic, but Escherich later
demonstrated that it was present in the bladder of young girls suffering from urinary tract

infections(Sussman, 1985). In the late 1950's, interest in E. coli resurged due to its role in
enteric and septicemic diseases in animals (Loir, 1994a). Serotyping emerged as an

important tool in describing E. coli, and was instrumental in the differentiation and

specification of different groups ofE. coli based on proteins present in the outer
membrane,flagella, and capsule ofthe bacterium.

Two outbreaks of bloody diarrhea in Oregon and Michigan(Riley et al., 1983;

Wells et al., 1983)led to the recognition of Escherichia coli 0157:H7 as a foodborne

pathogen in 1982. Although it had not been identified, E. coli 0157:H7 is thought to have
been responsible in a 1980 outbreak involving apple juice (Steele et al., 1982), when
several individuals experienced the same characteristic symptoms as those infected with
E. coli 0157:H7 in 1982. O'Brien et al.(1993)reported that five strains isolated from the
1993 E. coli 0157:H7 outbreak in the Pacific Northwestern United States were

indistinguishable from each other and were consistent with the E. coli 0157:H7 strain
EDL933,first isolated in 1982.

GENERAL CHARACTERISTICS

E. coli 0157:H7 is a Gram-negative, rod shaped bacillus, and member of the
Enterobacteriaceae family of bacteria. E. coli 0157:H7 is a non-sporulating, facultative

anaerobe approximately 1x2 pm in size (Neidhardt et al., 1990). It is non-fastidious in
its nutritional requirements and is easily cultivated on standard laboratory culture media.
All isolated strains ofE. coli 0157:H7 are motile, possessing six flagella(Molenda,
1994).

E. coli 0157:H7 grows well at 30 to 42°C, with 37°C being the optimum growth

temperature(Doyle and Schoeni, 1984). The minimum reported growth temperature for
E. coli 0157;H7 in laboratory culture medium is 8°C(Rajkowski and Manner, 1995;

Weeratna and Doyle, 1991). Doyle and Schoeni(1984)reported generation times for E.
coli 0157;H7 in culture medium ranging from 0.49 hr at 37°C to 0.64 hr at 42°C.
E. coli 0157:H7 is a natural inhabitant of the intestinal tracts of warm blooded

animals and is commonly used an as indicator offecal contamination in water and foods,

but unlike typical fecal coliforms, E. coli 0157:H7 does not grow at 45°C(Doyle and
Schoeni, 1984). Typical enumeration procedures for fecal coliforms in water and foods

require incubation at 44.6°C in E. coli medium after screening for lactose fermentation
and gas production in lauryl sulfate tryptose broth at 35°C (Hitchins et al., 1992). Growth
and gas production within 48 hr in E. coli medium at 44.5°C is presumptive for the

presence offecal coliforms, but the minimum and maximum temperatures at which E.

coli 0157:H7 exhibits growth and gas production after 48 hr in E. coli medium is 19.3
and 41°C (Raghubeer and Matches, 1990).

DISTINGUISHING CHARACTERISTICS

Several studies have illustrated differences between E. coli 0157:H7 and non-

pathogenic strains ofE. coli. E. coli 0157:H7 represents 7% ofEscherichia spp. of
human origin which lack the ability to rapidly ferment sorbitol(Padhye and Doyle, 1992).

A commonly used differential/selective recovery medium for E. coli is sorbitol
macConkey agar(March and Ratnam, 1986), in which E. coli 0157:H7 is distinguished
from other serotypes ofE. coli by its inability to ferment sorbitol within 24 to 48 hr.

Reportedly, E. coli 0157;H7 will ferment sorbitol after 6 to 7 days at 37°C,compared to
utilization within 24 hr for typical E. coli. However,some E. coli 0157:H7 isolates can

rapidly ferment sorbitol (Fratamico et al., 1993), indicating the ability ofthe organism to
mutate under suitable conditions.

Another distinguishing characteristic between E. coli and E. coli 0157:H7 is the

presence of the enzyme B-D-glucuronidase(GUD),which serves as the basis for the rapid
fluorogenic assay in which glucuronide is hydrolyzed forming a fluorogenic compound
(Okrend et al., 1990). Unlike nonpathogenic E. coli, E. coli 0157:H7 does not possess
GUD. Okrend et al.(1990)reported that false positive identifications for E. coli 0157:H7
were reduced by 36% when GUD was used. However, GUD positive E. coli 0157:H7
strains have been identified in the United States, suggesting that phenotypic variants may

be a concern. In Germany, Gunzer et al.(1992)reported that 17 of44 SLT-11 producing
strains isolated from patients with diarrhea rapidly fermented sorbitol and were GUD
positive.

The presence ofthe 0157:H7 antigen is exclusive from all other strains ofE. coli
and can be detected by several agglutination methods, as reviewed by Padhye and Doyle

(1992). Identification should not be solely based on serology, as 17% of Escherichia
hermannii strains will test positive for presence of the 0157 antigen (Borczyk et al.,
1987; Rice et al., 1992). Similarly, Notenboom et al.(1986)reported that Brucellus
abortus and E. coli 0157:H7 are antigenically related and may also result in 0157
agglutination cross reaction.

HEAT RESISTANCE

E. coli 0157:H7 possesses no unusual heat resistance, and is more sensitive to
elevated temperatures than certain Salmonella spp.(Doyle and Schoeni, 1984). The

organism is easily killed by pasteurization temperatures(Doyle and Schoeni, 1984). Heat
resistance ofthe E. coli 0157:H7 in meat has been of particular interest due to E. coli

0157:H7 outbreaks involving improperly cooked ground beef. D-values of4.5 min at
57.2°C and 0.02 min at 60°C have been reported for E. coli 0157:H7 in ground beef

(Doyle and Schoeni, 1984). Riordan et al.(1996)reported D-values for E. coli 0157:H7
in pepperoni of 15.5 min at 55°C and 1.4 min at 60°C.
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RESISTANCE TO PRESERVATIVES

The maximum concentration of NaCl in tryptone soya broth in which E. coli
0157:H7 exhibits growth at 37°C is 6.5%, whereas inactivation occurs at 8.5% NaCI
(Gibson and Roberts, 1986; Glass et al., 1992). Enteropathogenic E. coli can grow in
broth medium(pH 5.6) containing up to 200 ppm nitrite and 4% NaCl(Gibson and
Roberts, 1986). Glass et al.(1992)reported that populations of E. coli 0157;H7 were
reduced in fermented sausage(pH 4.8) containing 3.5% NaCl and 69 ppm sodium nitrite

after storage for 2 months at 4°C. Throughout standard pepperoni(2.5% salt, 100 ppm

sodium nitrite, pH 4)production, fermentation, and drying, only minimal reductions in E.
coli 0157;H7 were observed (Riordan et al., 1996). At 10°C, E. coli 0157:H7 can grow

in soft Hispanic-type cheese; however, addition of 0.3 % sodium benzoate or potassium
sorbate to cheese made from milk acidified with propionic acid has a significant impact

on delaying or preventing growth ofthe organism (Kasrazadeh and Genigeorgis, 1995).

ACID AND pH TOLERANCE

The "low acid canned food regulations" ofthe U.S. Food and Drug

Administration state that foods possessing pH below 4.6 are safe from the growth and

survival of pathogenic bacteria(Food and Drug Administration, 1993). Nevertheless, E.
coli 0157:H7 outbreaks linked to apple cider (Besser et al., 1993)and mayonnaise

(Weagant et al., 1994)present substantial evidence for tolerance ofE. coli 0157:H7 to

reduced pH environments. The addition of40% mayonnaise to ground roasted beef held
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at 4°C had no affect on the survival ofE. coli 0157:H7, and at 21 and 30°C, the organism

grew in ground roasted beef containing 16 to 32% mayonnaise(Abdoul-Raouf et al.,
1993b). Glass et al.(1992)reported that the minimum pH at which E. coli 0157:H7 can
grow at 37°C is between 4.0 and 4.5 or 4.6 when tryptone soya broth is adjusted with HCl
or lactic acid, respectively.
E. coli 0157:H7 can survive in culture medium at pH of4.0 (Conner and

Kotrola, 1995), although survival is greatly influenced by the type of organic acid and
incubation temperature. Glass et al.(1992)reported that reducing pH with lactic acid as
compared to HCl resulted in a more inhibitory response from E. coli 0157:H7. Conner
and Kotrola(1995)also observed that, at 4°C, organic acids enhanced the survival of E.

coli 0157;H7 when compared to non-acidulated controls. This "protective effect" was

also noted in apple cider, in which populations ofE. coli 0157:H7 survived for 10 to 31
days or 2 to 3 days after storage at 8 or 25°C,respectively (Zhao et al., 1993).

The proeess offermentation has long been used as an effective means of
preserving foods via the rapid decrease in pH from acids produced during the
fermentation process. Feresu and Nyati(1990)reported that pathogenic E. coli grew

during the fermentation of pasteurized and unpasteurized milk, and deereased only
minimally during storage offermented milk held at 5 and 20°C. Glass et al.(1992)

reported only slight decreases in E. coli 0157:H7 during the fermentation, drying and
storage of dry sausage at 4°C. However, Semanchek and Golden(1996)demonstrated
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that alcoholic fermentation of apple cider results in destruction ofE. coli 0157:H7 within
3 days.

ESCHERICHIA C0L/0157:H7 HUMAN ILLNESS

E. coli infections can be divided into two broad categories: intestinal infections,

also referred to as diarrheagenic, and extra-intestinal infections(Molenda, 1994).
Diarrheagenic E. coli can be further subdivided into five types, based on the type of
infection that the strain produces in the host and the somatic and flagellar antigenic

profile ofthe strain (Molenda, 1994). The five types of diarrheagenic E. coli are:
enteropatbogenic E. coli, enterotoxigenic E. coli, enteroinvasive E. coli, enteroadberent
E. coli, and enterobemorrbagic E. coli.

Enterobemorrbagic E. coli(EHEC)have recently been responsible for several
foodbome borne outbreaks in the United States, including the "Jack-in-tbe-Box" outbreak
ofE. coli 0157:H7 in the western United States(Dom, 1993). The most frequently

implicated serotype is 0157:H7, but others such as 026:H11 (Levine, 1987),0111:H8
(Molenda, 1994),04:NM,045:H2,0111:NM,and 0145:NM (Tzipori et al., 1988)also
have caused illness in humans.

Typically, EHEC infected individuals develop bemorrbagic colitis, which is
characterized by severe abdominal cramps, vomiting, little or no fever, and watery stools

which may progress to bloody diarrhea(Loir, 1994b). Less severe symptoms, such as
nausea and malaise, have also been reported (Molenda, 1994). Advanced illnesses
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associated with EHEC strains involve hemolytic uremic syndrome(HUS)which develops
in 2 to 7% of individuals with EHEC intestinal infections (Molenda, 1994). HUS is

characterized by renal failure, microangiopathic hemolytic anemia (i.e., anemia in which
red blood cells are smaller than normal and have shortened survival) and severe

thrombocytopenia purpura (i.e., reduction in number of platelets)(Molenda, 1994). Onset

of HUS ensues symptoms of non-bloody diarrhea and severe abdominal cramps, and
leads to bloody stools by day 2 or 3 that continue for 6 to 8 days (Griffin and Tauxe,
1991). HUS can also lead to central nervous system complications and death in 15% of
infected individuals (Tarr, 1994). More frequently, individuals with HUS often require
kidney dialysis or need blood transfusions(Molenda, 1994).
According to an epidemiological review by Griffin and Tauxe (1991), individuals

high at risk for developing HUS include females, the young and elderly, the mentally
retarded, persons with recent antimicrobial use, and individuals with bloody diarrhea or
fever. In a nursing home related outbreak, the highest rate of diarrhea was present in the

very old; diarrhea was also present in persons undergoing antimicrobial therapy, and
those who had previous gastrectomy (Carter et al., 1987). Based on sporadic cases, the

highest attack rates have involved children under five years of age, with the attack rate
decreasing in individuals aged 45 to 64 years, then increasing in elderly persons (Griffin
and Tauxe, 1991).

Treatment for E. coli 0157:H7 infections rarely involves antibiotic therapy,
because there is concern that toxin liberation from antibiotic-damaged cells will be more
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available for systemic absorption (Tarr, 1993). Mild cases ofE. coli infection commonly

are treated by replacing body fluids and electrolytes. For individuals with HUS,
transfusions and dialysis are the only therapies (Tarr, 1993).

ESCHERICHIA C0L/0157:H7 OUTBREAKS

The threat associated with E. coli 0157:H7 lies not only in the pathogenicity of

the organism, but in the great variability exhibited within strains, thus allowing the
organism to persist in numerous foods. Table 1 contains a summary ofE. coli 0157;H7
outbreaks and implicated foods.
In addition to food, recreational lakes have been implicated as sources ofE. coli

0157;H7 transmission, stressing concern for proper monitoring of recreational lakes and

other bodies of water contributing to the water supply. Twenty-one children in Oregon
were infected with E. coli 0157;H7 due to swimming in a fecally contaminated lakeside

park(Keene et al., 1994). Another lake associated E. coli 0157:H7 outbreak occurred in
Illinois in 1995, when 12 individuals became symptomatic after swimming in a common
recreational lake(Warner et al., 1996).

Person-to-person contact also has been responsible for E. coli 0157:H7 outbreaks,
as evidenced by several illnesses within nursing homes. In September 1984, 34 of 101

nursing home residents developed diarrheal illness due to E. coli 0157:H7 infections; 14
were hospitalized and 4 died (Ryan et al., 1986).
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Table 1. Summary ofE. coli 0157;H7 outbreaks and implicated foods.
Year

Vehicle

Cases

Location

Ref.

1980

Apple juice"

14

Canada

Steele et al., 1982

1982

Hamburger meat

>47

Oregon,
Michigan

Riley et al., 1983
Wells et al., 1983

1985

Raw potatoes

24

United

Jay, 1996

Kingdom
1986

Raw milk

46

Canada

Jay, 1996

1987

Turkey roll sandwiches

26

Birmingham

Salmon et al., 1989

1988

Roast beef and salad

61

Wisconsin

Rodrigue et al., 1995

1988

Precooked meat patties

32

Mirmesota

Jay, 1996

1990

Well water

243

Missouri

Swerdlow et al., 1992

1990

Roast beef

>70

North Dakota

Jay, 1996

1991

Yogurt

9

England

Morgan et al., 1993

1991

Apple cider

4

Massachusetts

Besser et al., 1993

1992-

Hamburger meat

>600

Washington,

Davis et al., 1993

Idaho,
California,

Dom, 1993

93

Tarr, 1993

Nevada

1993

Home-cooked hamburgers

10

California

Jay, 1996

1994

Rare ground beef

18

Virginia

Frost et al., 1995

1994

Dry-cured salami

12

Washington,

Alexander et al., 1995

California
1995

Hamburger meat

Georgia,

10

Cannon et al., 1996

Tennessee

"Linked to E. coli 0157:H7 because symptoms were characteristic of later outbreaks.
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One year later, E. coli 0157:H7 was responsible for another nursing home outbreak,

when 55 of 169 residents and 18 of 187 staff members in Ontario became ill; 17 patients
died (Carter et al., 1987; Krishnan, 1987).

PRESENCE IN FOOD AND ANIMALS

Approximately 176 serogroups ofE. coli, many of which are harmless natural
inhabitants ofthe human intestinal tract, have been identified in the last 50 years. Many
serogroups benefit humans by suppressing growth of harmful bacteria and synthesizing
vitamins necessary for growth and well-being (Duncan and Hackney, 1994). Although
most strains of E. coli typically found in humans are harmless, some types are

pathogenic, such as E. coli 0157:H7. Antigenic proteins present on the cell surface(O
antigen) and flagellum(H antigen) are phenotypically distinguishing characteristics
between E. coli and E. coli 0157:H7. These antigenic determinants are responsible for

inducing human immune responses when present in the human body.
Doyle and Schoeni(1987)investigated the prevalence ofE. coli 0157:H7 in

meats and reported that 3.7% of 164 beef, 1.5% of264 pork, 1.5% of263 poultry, and
2.0% of205 lamb samples tested positive for E. coli 0157:H7. More recently, a survey of
meat and seafood was conducted in Seattle following the 1993 E. coli 0157:H7 outbreak.

E. coli 0157:H7 was present in 63% of8 veal, 48% of 21 lamb,23% of60 beef, 18% of

51 pork, 12% of 33 chicken, 10% of62 fish, 7% of 15 turkey, and 4.5% of44 shellfish

samples tested (Samadpour et al., 1994). In 1995,the Food Safety and Inspection Service
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ofthe United Stated Department of Agriculture(USDA)conducted a nationwide survey
of ground beef and reported that only 3 of 5291 samples(0.05%)tested positive for E.
coli 0157:H7(Jay, 1996).

Studies in the United States reveal that the prevalence ofE. coli 0157:H7 in cattle

ranges from <1 to 5%(Martin et al., 1986). Wells et al.(1991)isolated fecal specimens of
E. coli 0157:H7 in 5 of210 calves, 12 of 394 heifers, and 1 of662 cows,from a herd

linked to two human cases ofE. coli 0157;H7 infection. In a similar investigation
representing 14 states, young cattle again seemed to be more susceptible to E. coli
0157:H7 infections, as 4.9 to 5.3% of weaned calves and 1.5 to 2.9% of preweaned
calves shed E. coli 0157:H7 in their feces; young cattle are probably more susceptible to
E. coli 0157:H7 colonization due to undeveloped intestinal flora(Zhao et al., 1995). It

has been reported that in experimentally infected cattle, calves shed E. coli 0157:H7
longer than cows, and that most cattle infected with E. coli 0157:H7 will remain free of
clinical signs of illness(Cray and Moon, 1995).

Cray and Moon(1995)reported that E. coli 0157:H7 experimentally inoculated
into cattle were restricted to the gastrointestinal tract. Rasmussen et al.(1993)

investigated the effect of cattle rumen fermentation as a barrier to E. coli 0157:H7 and
found that the organism exhibited unrestricted growth in rumen fluid collected from
fasted cattle, whereas inhibition of growth occurred in rumen fluid from well-fed cattle.
Also, like the rumen,the colon and cecum house anaerobic fermentations that respond to
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dietary manipulations, and if conditions tum favorable, fecal shedding can be more
prevalent(Grau et al., 1969).

CONTROL OF ESCHERICHIA COLI0157:H7 IN FOOD

Because of outbreaks linked to animal products (e.g., beef and milk), domestic
cattle have been suggested to be important reservoirs ofE. coli 0157:H7. In 1994, the
USDA declared that raw ground beef harboring E. coli 0157:H7 would be considered
"adulterated" and prohibited from sale. This bold initiative marked the first time a raw
food has been rendered hazardous by the USDA for containing pathogenic bacteria.

Although retail beef free of pathogenic bacteria may not be a reasonable goal for the food
industry, current methods of beef decontamination have proved to be ineffective, as
evidenced by sporadic E. coli 0157:H7 outbreaks involving hamburger meat.
Refrigeration. Refrigeration is an essential tool for extending shelf-life ofsemi-

perishable and perishable foods. Refrigerated storage is based on the principle that certain
activities of all organisms can be slowed at low temperatures and virtually inhibited at

freezing temperatures(Jay, 1996). Also, enzymatic activities that may affect shelf-life are
either inhibited or greatly reduced at refrigeration temperatures. Although refrigeration is
often used to restrict bacterial growth, many pathogens such as Listeria monocytogenes

and Yersinia enterocolitica grow at refrigerated temperatures(Jay, 1996).

Several studies have reported on the survival ofE. coli 0157:117 during low

temperature storage(Conner and Hall, 1994; Rajkowski and Manner, 1995), with
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refrigeration enhancing survival ofE. coli 0157;H7 in apple cider (Besser et al., 1993;
Miller and Kaspar, 1994; Zhao et al., 1993). E. coli 0157:H7 survived for up to 35 days
in mayonnaise-based sauces held at 7°C, and up to 51 and 79 days in reduced-calorie and
real mayonnaise, respectively, held at 5°C(Weagant et al., 1994)
Freezing. In a laboratory study with ground beef stored at -20°C, E. coli 0157:H7
exhibited little reduction in population during nine months of storage (Padhye and Doyle,
1992). Smith(1995)reported that stationary phase E. coli were not injured by freezing,
and concluded that injury due to freeze stresses may be a factor associated with the
growth phase ofthe organism and nutrient-limiting media.
Hartsell(1951)reported that when frozen on peas and beef, several Gram-

negative pathogens became sensitive to selective media and were more effectively
recovered on media with increased nutrients, and therefore stresses due to freezing may

alter nutritional requirements of Gram-negative pathogens. Hanna et al.(1977)reported a

significant reduction of Y. enterocolitica in beef roasts stored at -18 to -20°C. When
frozen in phosphate buffer at -18 and -75°C, Y. enterocolitica exhibited 7 and 42%
reductions, respectively (Grecz and El-Zawahry, 1984). Although common foodborne

pathogens may become injured during freezer storage, their survival can present a great
threat when foods are improperly cooked after freezing or when thawing conditions
permit injury repair and growth.

Organic acid rinses. In 1992, the USDA approved the application of organic acid
rinses to beef carcasses, to reduce contamination by foodborne pathogens(Reagan, 1993).
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Common organic acids that are applied to animal carcasses after slaughter include acetic,
citric, lactic, and to a lesser extent formic and ascorbic acids(Jay, 1996). Beneficial

aspects of applying organic acid rinses appear to result from the decrease in surface pH
and possibly to some direct effect ofthe acid molecules(Jay, 1996). Undissociated acid
molecules interfere with cellular metabolism or decrease biological activity as a result of

pH changes of the cell environment(Doores, 1983).

Hamby et al.(1987)reported that beef sides intermittently sprayed with 1% lactic
or acetic acid for up to 12 hr resulted in extensive reductions in aerobically growing

organisms ofselected cuts of beef after vacuum packaged storage at 2°C for 28 days.
Brackett et al.(1994)found no significant reduction in E. coli 0157:H7 when heated and
non-heated treatments of0.5%, 1.0%, and 1.5% concentrations of acetic, lactic, and citric

acids were applied to fresh beef. However, upon treatment of beef with 1.5% lactic
acid/1.5% gluconic acid and 1.5% lactic acid/3.0% gluconic acid, Zepeda et al.(1994)
observed 2.0 and 2.5 log reductions, respectively, in viable E. coli 0157:H7. When
concentrations of5% lactic, acetic, or citric acid were used. Cutter and Siragusa(1994)

reported significant reductions in E. coli 0157:H7, but total inactivation ofthe organism
was not achieved. Anderson and Marshall(1989)and Greer and Dilts(1992)reported that

increasing temperature and concentration of acetic acid sprays independently had
significant effects on reducing populations of pathogens on beef.
Heat. The USDA recently approved a steam pasteurization process in order to
reduce beef carcass contamination. When steam pasteurization was applied to beef sides.
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significant reductions in overall bacteria resulted immediately after treatment and after 24
hr(Nutsch et al., 1996). Rinsing beef carcasses with hot water(92°C)is also an effective
means ofreducing contamination (Barkate et al. 1993). Anderson and Marshall(1989)

reported that increasing organic acid concentrations applied to beef carcasses were only
effective at lower temperatures, whereas hot water(70°C)alone reduced E. coli

populations as much as any concentration of acetic acid tested.
Heat induced inactivation of E. coli can be described in terms of cell death with

lysis and death in the absence of lysis. Cell death with lysis has been attributed to DNA
damage(Woodcock and Grigg, 1972), whereas cell death without cell lysis is probably

due to the presence of heat-sensitive wall structures in cells near division or to inhibiting

enzymes responsible for peptidoglycan synthesis near the cell septum (MembrilloHemandez et al., 1995). Heat stress affects catalase enzyme systems, ribosomes, teichoic
acids containing structures, and the outer membrane oiE. coli(Ray, 1986). Bacterial
catalase enzyme systems are important to aerobically living cells, functioning to degrade

harmful peroxides and free oxygen radicals. When these enzyme systems are damaged,

peroxides and oxygen radicals are free to react with cellular components often resulting in
cell lysis and death. Martin et al.(1976)found that bacterial stress due to heat and NaCl
resulted in decreased catalase activity in Staphylococcus aureus. The observation by

Harries and Russell(1966)that heat stressed E. coli grew better when pour plating

(reduced oxygen), as compared to surface plating (aerobic)on the same agar, may

possibly be explained by the role catalase plays in degrading peroxides.
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Modified atmosphere packaging. The use of modified atmosphere packaging
(MAP)has become increasingly popular in North America as food manufacturers attempt
to meet consumer demands for fresh refrigerated foods with extended shelf-life (Farber,

1991). MAP,although relatively new in North America, has been used overseas for fresh
meats dating back to the 1930's (Farber, 1991; Jay, 1996). The popularity of MAP has

evolved such that many fruits, vegetables, and fresh meats are currently packaged under
modified atmospheres(Farber, 1991).

MAP characteristically involves the use ofthree gases: oxygen (O2), carbon

dioxide(COj), and nitrogen (Nj). O2 plays a key role in oxygenating myoglobin,forming

the deep red color associated with fresh meat(Farber, 1991; Jay, 1996). Oxygen can often
stimulate growth of aerobic organisms and inhibit growth of strict anaerobes such as
Clostridium spp.(Jay, 1996). The presence of O2 in perishable, packaged foods supports

growth ofindigenous microflora which provides consumers with signs of spoilage, such
as the appearance of off-odors or colors.

CO2 functions in MAP by imparting a bacteriostatic effect on microorganisms
(Farber, 1991). The overall effect of high concentrations of CO2 is to shift the

heterogeneous microflora consisting of Gram-negative bacteria to microflora consisting

primarily of lactic acid bacteria (Jay, 1996). The inhibitory effect of CO2 is not fully
understood; however, CO2 is believed to affect nutrient uptake, enzymatic activity, and

cell membrane integrity, and causes adverse changes in the physio-chemical properties of

proteins in the cell (Farber, 1991). The effects of CO2 are temperature dependent, in that
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inhibitory effects of CO2 increase with increasing temperature, primarily due to the
increased solubililty of CO2 at lower temperatures(Wolfe, 1980). Also, the pH of beef
stored in high CO2 environments is often lower than beef stored in air, due to carbonic
acid formation (Jay, 1996). The presence ofCO2 in a package selects for growth of
facultative anaerobes, such as E. coli 0157:H7, and because visible signs ofspoilage are

not present, false conclusions can be made concerning the freshness and safety of the
food (Hintlian and Hotchkiss, 1986).

N2 is an inert, tasteless gas, functioning primarily as a filler (Farber, 1991; Jay,
1996)in MAP foods. It is believed to delay oxidative rancidity and growth of certain
microorganisms by displacing O2 present in the package (Farber, 1991). Although
Blickstad and Molin(1983)reported that packaging pork loins and frankfurters in 100%
N resulted in a longer shelf-life than packaging under vacuum, other investigators have

reported just the opposite (Jay, 1996). Packaging salad vegetables inoculated with E. coli
0157;H7 in 3% 02and 97% N2 had no effect on the organism (Abdul-Raouf et al.,
1993a).

Approximately 80% offresh beef in the United States is vacuum packaged before
leaving the processing facility, primarily due to its effectiveness in extending shelf-life

(Jay, 1996). Vacuum packaging serves to extend food shelf-life by eliminating most of
the O2 in the package. Residual O2 is consumed by aerobic microflora or respiratory
activities ofthe food, resulting in decreased levels of O2 and increased levels of CO2(Jay,
1996).
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Several investigators have reported that MAP extends the shelf-life offresh
foods, but has little or no effect on pathogenic organisms such as L monocytogenes
(Berrang et al. 1989). Beuchat and Brackett(1990)reported that L monocytogenes was

capable of growth on lettuce subjected to packaging and distribution procedures

commonly used in the food industry. Hao and Brackett(1993)observed minimal growth
ofE. coli 0157:H7 during refrigerated storage, and found that gas compositions within

the tolerable range for vegetables had no inhibitory effect on the organism. Storage of
steak in 100% COjresulted in significantly lower bacterial counts 16 to 27 days after

slaughter, compared to steaks stored in 100% Nj, 100% Oj, or air(Huffman, 1974).
Seideman et al.(1979)reported that packaging fresh red meats in IQV0CO2I 80%N2 is as
effective as or superior to vacuum packaging.

BACTERIAL INJURY

Currently, the beef industry utilizes several minimal processing techniques to

lengthen shelf-life of meats without sacrificing quality. These processes include steam

sterilization, organic acid and hot water rinses, low temperature storage, and vacuum and
MAP in films varying in gas permeability. These minimal processes are used in the food
industry to inhibit degradative enzymes and inactivate or reduce the amount of spoilage

or pathogenic organisms present in food. However, in the process, bacteria in or on the
surface of the food may become metabolically or structurally injured (Busta, 1994). The

importance of bacterial injury from a food safety standpoint involves sublethally injured
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pathogenic organisms that with time can repair and grow, rendering the food potentially
dangerous for human consumption.

Injured bacteria can be present in foods that have been exposed to heat,
refrigeration, freezing, acid,lowpH,drying, and sanitizers(Ray, 1986; 1989). Several

foods possess characteristics such as the reduced pH,that inherently induce reversible
damage to bacterial cells. As bacteria are subjected to minimal processes or harsh
environments, sublethal damage frequently results in the loss of cellular materials
including proteins, peptides, amino acids, RNA,enzymes, and various ions(Busta, 1994).
Growth responses associated with injured bacteria involve delayed germination of spores,
extended lag phase growth, and the inability to multiply and enter log phase growth until
repair is facilitated (Busta, 1994).

Bacterial injury, or sub-lethal injury, may impair growth of bacteria on typical
enumeration media, but more frequently on selective media(Busta, 1986). Healthy,
targeted organisms typically grow well on selective media, but if exposure to
environmental stresses induce sublethal injury, growth of the targeted organism can be

impaired as well. As a result, foods that have been subjected to minimal processes may

yield inaccurately low populations ofE. coli 0157:H7 and other foodbome pathogens
when selective enumeration media are used, leading to false conclusions regarding the
safety offoods.

Injured microorganisms also may develop increased sensitivity to various food

preservatives such as benzoates and sorbates, in addition to octanoic and decanoic acids
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(Busta, 1994). The hurdle approach utilizes the concept of introducing multiple stresses
for bacteria to overcome, before growing and spoiling foods. Many commercially

produced apple ciders take advantage ofthis concept by the addition of antimicrobials
such as potassium sorbate and sodium benzoate. Sodium benzoate has been shown to
reduce the ability ofE. coli 0157:H7 to survive in apple cider(Zhao et al., 1993).
Recovery of injured bacteria. Injured organisms possess increased sensitivity to
compounds tolerated by the organism prior to injury, and many of these compounds, such

as brilliant green, crystal violet, neutral red, antibiotics, or bile salts, are typical
constituents in selective bacteriological recovery media(Busta, 1994). Tollison and

Johnson(1985)reported that after 30 min of heating at 50°C,Shigellaflexneri became
sensitive to 0.85% bile salt, which is the concentration contained in Salmonella-Shigella

agar. Abdul-Raouf et al.(1993b)reported that heat- and acid-stressed E. coli 0157:H7
became sensitive to compounds present in sorbitol macConkey agar supplemented with
4-methylumbelliferyl-6-D-glucuronide(MSMA),as evidenced by enhanced recovery on
nonselective trypticase soya agar(ISA).

The addition of peroxide and Oj degrading compounds to enumeration media in

order to improve recovery ofinjured bacteria has been extensively investigated. When
catalase and sodium pyruvate were added to selective culture media, injured S. aureus,

Pseudomonasfluorescens. Salmonella typhimurium, and E. coli were recovered in greater

numbers(Martin et al., 1976). McDonald et al.(1983)reported that the addition of

sodium pyruvate and 3,3'-thiodipropionic acid to recovery media significantly improved
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detection of subiethally freeze- and heat-injured E. coli; catalase added to media tempered
to 45°C resulted in only negligible differences in detection. In a similar study, Gram et al.

(1984)reported that catalase or 3,3'-thiodipropionic acid added to TSA and violet red bile
agar(VRBA)had no influence on the recovery of freeze-injured E. coli and other
Enterobacteriaceae. Catalase is rather heat sensitive (Whitaker, 1972), and the lack of

catalase activity reported in these investigations may have resulted from the temperature
oftempered culture medium.
Successful direct plating methods for the detection of healthy and injured E. coli
0157:H7 for foods has yet to be developed. Although MSMA is commonly used for
selective enumeration of E. coli 0157:H7, Clavero and Beuchat(1995)reported that

MSMA was the least efficient medium tested for recovering heat- and freeze- injured E.
coli 0157:H7. Ahmed and Conner(1995)tested eight media, including MSMA,for

recovering heat-injured E. coli 0157:H7 and reported that phenol red sorbitol agar

(PRSA)supplemented with 0.005% 4-methylumbelliferyl-13-D-glucuronidase and PRSA

supplemented with 1% pyruvic acid consistently recovered higher numbers of organisms.
Conner and Hall(1994)evaluated several media for enumerating freeze-injured E. coli

0157:H7,and reported that enumeration on TSA,TSA supplemented with 1% pyruvic
acid, and PRSA resulted in the highest recovery ofE. coli 0157:H7.

Inadequate recovery of injured bacteria on selective media is well documented,

and is thought to occur due to changes in the nutritional requirements of stressed cells

(Maxy, 1973). Speck et al.(1975)reported higher recovery of freeze-stressed E. coli and
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coliforms when injured populations were spread plated onto TSA,incubated for 1 to 2 hr
at 25°C,then overlaid with violet red bile agar. Similarly, McCleery and Rowe(1995)

observed greater recovery of heat-injured E. coli 0157:H7 when populations were surface

plated and allowed to recover for 2 hr at 25°C on TSA,then overlaid with MSMA.It was
also reported in their study that better recovery was achieved when catalase was spread
onto the surface of TSA plates prior to surface plating injured E. coli 0157:H7 and
overlaying with MSMA.

Factors influencing injury repair. Storage conditions of minimally processed

foods are critical. Although growth ofinjured organisms may be impaired, metabolic and
structural repair can occur rapidly if conditions suitable for growth exist. It is therefore

important to focus on handling and storage conditions, and properties ofthe food itself
after processing and before consumer purchase.
Environmental conditions such as incubation atmosphere can substantially affect

the ability of bacteria to overcome injury. Gram-negative facultative anaerobes often are
sensitized to oxygen after sublethal stress, and certain atmospheric conditions,

particularly those low in oxygen, may promote repair and growth (Gadzella and Ingram,
1994). Murano and Pierson(1993)reported that anaerobic incubation, increased the
ability ofE. coli 0157:H7 to overcome and recover from heat stress. Golden et al.(1989)

reported that growth of uninjured and heat-injured A. hydrophila at 4°C was enhanced
when packaged in Nj, while packaging in CO2 imparted bacteriocidal effects on
populations stored at incubated at 4 and 30°C.
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In the United States, retail cuts of beef are packaged in modified gaseous

atmospheres containing CO2 to inhibit microbial growth and O2 to maintain the desired
color of meat(Vamam and Sutherland, 1995). Results presented in these studies suggest

evidence for the ability ofinjured bacteria to undergo repair in atmospheres typically
found in commercially packaged meats. Fresh beef contains some carbohydrates and

many free amino acids which may supply pathogens such as E. co/i 0157:H7 with
necessary nutrients for repair and growth. If adequate storage temperatures persist in
foods subjected to minimal processing protocols or harsh environmental stresses, injured
bacteria may repair and grow rendering the food potentially dangerous for human
consumption.
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CHAPTER III

INACTIVATION AND INJURY OF ESCHERICHIA COLI0157:H7

CULTURED AT 10 AND 37°C, AS INDUCED BY HEATING,
LACTIC ACID,AND FREEZING

ABSTRACT

The influence of growth temperature on heat-, lactic acid-, and freeze- induced
inactivation and injury of Escherichia coli 0157:H7 in 0.1% peptone water was
investigated. Three strains ofE. coli 0157:H7 isolated from salami, apple cider, and
ground beef were evaluated. Growth of strains at 10°C as compared with 37°C had a
significant impact on reducing (P<0.01)D-values obtained for heating, acid exposure,
and freezing, with the exception ofthe cider strain stored in lactic acid. When strains
were cultivated at 10 and 37°C and heated at 54 and 56°C,the salami strain possessed the

highest(P<0.01) D-values. When grown at 10°C,the beef strain had the lowest(P<0.01)
D-values after heating at 52, 54, and 56°C. The salami strain grown at 10°C had the

highest(P<0.01) D-values in all concentrations of lactic acid. After growth at 37°C,the
salami strain had the highest(P<0.01)D-values after storage in 0.1 and 0.25% lactic acid,
while D-values for salami and beef strains did not differ(P>0.05) when stored in 0.5%

lactic acid. The cider strain grown at 37°C had lower(P<0.01) D-values than the beef

strain after storage in 0.25 and 0.5% lactic acid. Substantial portions of strain populations

were sublethally injured after heat and lactic acid treatments, as evidenced by the inability
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of injured organisms to form colonies on tryptone soya agar containing 2% NaCl. Strains
cultured at 10°C were more susceptible to sublethal injury, as compared with strains

cultured at 37°C. Storage of test strains at -20°C for 7 months resulted in a 4 to 6 log
CFU/ml reduction in viable population, but induced only minimal sublethal injury. After
5 months at -20°C, strains cultured at 10°C were more sensitive to freeze-inactivation

than strains cultured at 37°C. When grown at 10 and 37°C and stored at -20 for 7 months,
the cider strain possessed higher(P<0.01) D-values than beef and salami strains.

INTRODUCTION

In 1993 a major outbreak of Escherichia coli 0157:H7 foodbome illness was

linked to consumption of improperly cooked hamburger meat(Davis et al., 1993).
Several additional E. coli 0157:H7 outbreaks have occurred with roast beef(Rodrigue et

al., 1995), turkey roll(Salmon et al., 1989), yogurt(Morgan et al., 1993), apple eider
(Besser et al., 1993), mayonnaise (Erickson et al., 1995)and salami(Alexander et al.,

1995) being implicated as causative agents. Survival ofE. coli 0157:H7 in foods with
diverse intrinsic characteristics (i.e., acidity, pH,and water activity) presents substantial
evidence for variability between strains ofE. coli 0157:H7.

Minimal processes are often applied to foods to extend shelf-life. However, when
bacteria are subjected to some ofthese processes, sublethal injury can occur. Injured

bacteria may be present in foods that have been exposed to heat, refrigeration, freezing,
acid, low pH,and sanitizers(Ray, 1989). As bacteria are subjected to minimal processes.
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sublethal damage frequently results in the loss of cellular materials including peptides,
amino acids, RNA,enzymes, and various ions(Busta, 1994). Growth responses

associated with injured bacteria involve delayed germination ofspores, extended lag
phase of growth, and the inability to multiply and enter the log phase of growth until
repair is facilitated (Busta, 1994). Sublethal injury is evidenced by the inability of
bacteria to form colonies on common selective media that would otherwise support
growth of cells not subjected to environmental stresses. The importance of bacterial
injury from a food safety standpoint lies in the ability of injured organisms to undergo
repair and resume growth, thereby rendering the food potentially dangerous for

consumption.
E. coli 0157;H7 outbreaks linked to apple cider(Besser et al., 1993) and
mayonnaise(Weagant et al., 1994)present substantial evidence for tolerance ofthis

organism to reduced pH environments. In 1992, the United States Department of

Agriculture(USDA)approved the application of organic acid rinses to beef carcasses to
reduce microbial contamination (Reagan, 1993). Brackett et al.(1994)reported that
heated and non-heated concentrations of0.5, 1.0, and 1.5% acetic, lactic, and citric acids

applied to fresh beef had no antagonistic effect on E. coli 0157:H7. Dickson and Siragusa
(1994)reported that washing beef tissue with 1% lactic or acetic acid resulted in sublethal
injury to Salmonella typhimurium, Listeria monocytogenes, and E. coli 0157:H7.

Storage offood at low temperatures may affect the response of pathogens such as
E. coli 0157:H7 to sublethal stresses. Although refrigeration is normally considered to
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provide a useful hurdle in delaying growth or inhibiting survival of bacteria, E. coli

0157:H7 has been shown to survive better in acidic foods such as apple cider and
mayonnaise stored at refrigeration temperatures, as compared to survival at ambient
temperature(Weagant et al., 1994; Zhao et al., 1993). Conner and Hall(1996)reported
that E. coli 0157:H7 grew at 4°C in trypticase soy broth containing sodium lactate, while

no growth was observed in TSB containing no sodium lactate. E. coli 0157:H7 also has
been reported to be resistant to freezing in ground beef(Padhye and Doyle, 1992) and
chicken meat(Conner and Hall, 1996). Jackson et al.(1996)reported that storage ofE.
coli 0157:H7 in frozen ground beef patties increased the heat resistance ofthe organism.
Freezing is not an effective means of destroying bacteria. Nevertheless, the loss of

viability in cells subjected to freezer storage can differ from strain to strain and depends
on the nature and composition ofthe food, type offreezing employed,freezing
temperature, and duration ofstorage (Jay, 1996).

Recently, the USDA approved a high-temperature vacuum technology for

reducing microbial contamination on beef carcasses(Anonymous, 1996). E. coli
0157;H7 possesses no unusual heat resistance (Doyle and Schoeni, 1984). However,the
nature of the heating menstrua can greatly affect survival of microorganisms exposed to

heat stress. Reported D-values for E. coli 0157:H7 are 39.8 and 4.5 min at 54.4 and

57.2°C, respectively, in ground beef(Doyle and Schoeni, 1984) and 5.0 and 1.0 min at 55
and 58°C, respectively, in apple cider (Splittstoesser et al., 1996).
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It is possible that the meat used in the preparation of hamburgers implicated in the
E. coli 0157:H7 outbreak in the Pacific Northwestern United States came from beef

carcasses that were treated with organic acid rinses or exposed to abusive storage
temperature. Furthermore, it is possible that E. coli 0157:H7 cells on treated carcasses
were unaffected or sublethally injured by acid treatment or cold storage, then recovered

and grew during subsequent transport, handling, and/or storage. This study was designed
to examine the inactivation and development of injury in three strains of E. coli 0157:H7

grown at 10 and 37°C, as induced by heating, lactic acid, and freezing.

MATERIALS AND METHODS

Test organisms and culture maintenance. Three strains ofE. coli 0157:H7 were
evaluated: a human isolate from the 1993 outbreak in the Pacific Northwestern U.S.

involving improperly cooked ground beef; strain 7927, isolated from a patient involved in
a U.S. apple cider-associated outbreak; and strain 380-94,from an outbreak
associated with salami. These strains are hereafter referred to as beef, cider, and salami

strains, respectively. Beef and cider strains were obtained from Dr. M.P. Doyle, The
University of Georgia, Griffin. The salami strain was obtained from Dr. A.M. McNamara,
USDA-FSIS, Washington D.C.

Test strains were grown and maintained at 37°C in tryptone soya broth(TSB;

Unipath Oxoid USA,Ogdenburg, NY). Test organisms were cultured substantially below
(10°C)and at optimum (37°C)growth temperatures to determine the effects of growth
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temperature on the subsequent development of injury. Growth curves were constructed
for each test strain to determine early stationary phase in TSB at 10 and 37°C. Test

cultures were subjected to a minimum ofthree successive stationary phase transfers
before experimentation.
Determination of sublethal injury. Stationary phase cultures ofE. coli 0157:H7

were plated onto tryptone soya agar(TSA; Unipath Oxoid USA,Ogdenburg, NY)and
TSA containing various concentrations of NaCl to determine salt-tolerance of uninjured
E. coli 0157:H7. TSA containing 2% NaCl,the maximum concentration of NaCl in TSA

that did not impair colony formation of unstressed cells, was used as the stress medium

for recovery of cells subjected to sublethal stress. Sublethal injury was determined on the
basis ofincreased sensitivity of stressed organisms to TSA containing 2% NaCl

(TSA-NaCl),as compared to the recovery of stressed organisms on TSA. The purpose of
NaCl in the stress medium was to inhibit repair of metabolic and structural injury within
sublethally stressed test populations.

Heat inactivation and injury. Heat inactivation and injury was induced using a
modification of the method of Golden et al.(1988). Stationary phase cultures ofE. coli
0157:H7 cultured in TSB at 10 and 37°C were subjected to heating temperatures of 52,

54, and 56°C under constant agitation(150 rpm)in an Orbit shaker water bath(Lab Line

Instruments, Inc., Melrose Park, IL.). One milliliter of stationary phase cultures of beef,

cider, and salami strains were inoculated into 100 ml of0.1% peptone water(PW)in
250-ml Erlenmeyer flasks (final population of approximately log 7 CFU/ml). Prior to
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inoculation, Erlenmeyer flasks were tempered to the desired heating temperature. The

water level of the water bath exceeded the level ofPW in the Erlenmeyer flasks. Samples
were withdrawn at selected intervals for up to 90 min of heating, deposited into sterile
test tubes, and immediately placed in an ice-water bath to terminate heat inactivation.

Samples were diluted as appropriate in PW and surface plated (0.1 ml)in duplicate onto
TSA and TSA-NaCl. Populations ofE. coli 0157:H7 on TSA and TSA-NaCl were
determined after incubation for 48 hr at 37°C.

Lactic acid inactivation and injury. Sublethal acid inactivation and injury was

induced using a modification of procedures described by Ahamad and Marth (1990)and
Blankenship (1981). Stationary phase cultures ofE. coli 0157:H7,cultured as described
above for heating studies, were inoculated into 100 ml ofPW adjusted to concentrations
of0.1 (pH 3.2), 0.25(pH 2.8), and 0.5%(pH 2.5)of an 85% lactic acid solution (Sigma
Chemical Co., St. Louis, MO)in 250-ml Erlenmeyer flasks. Flasks were incubated at
25°C in an Orbit Environ-shaker incubator(Lab Line Instruments, Inc., Melrose Park,

IL.). At selected intervals, samples were removed from Erlenmeyer flasks, neutralized
with 0.1 N NaOH,surface plated (0.1 ml)in duplicate on TSA and TSA-NaCl,and plates

were incubated for 48 hr at 37°C. Injury was determined as described above. Test strains
cultured at 10 and 37°C and inoculated into PW containing no lactic acid served as
controls.

Freeze inactivation and injury. Sublethal freeze-inactivation and injury was
induced according to a modification ofthe method of Golden et al.(1988). Stationary

48

phase cultures ofE. coli 0157:H7,cultured as described above for heating studies, were

inoculated (final population of approximately log 7 CFU/ml)into 4 ml ofPW in
25xl50-mm sterile screw-cap test tubes. Tubes were sealed and stored at -20°C for up to
7 months. At selected intervals throughout the frozen storage period, samples were
removed from the freezer and the contents thawed under cool running tap water. Thawed

PW cultures were appropriately diluted in PW,surface plated (0.1 ml)in duplicate onto

TSA and TSA-NaCl,and plates were incubated for 48 hr at 37°C. Injury was determined
as described above.

Statistical analysis. Linear regression analysis was performed on survival curve

data for organisms recovered on TSA. Decimal reduction times(D-values) were
calculated as the negative reciprocal of the slopes ofthe linear regression survivor curves

for strains exposed to heat, lactic acid and freezing. Statistical analyses(were conducted
on D-values for all strains using Proc mixed, SAS version 6.1 (SAS institute; Gary, NC).
Data were fit to a completely randomized design with a factorial treatment arrangement.

Differences were evaluated noting the effects of growth temperature, treatment level (i.e.,

heating temperature or acid concentration), and strain on the survival of E. coli 0157:H7.
All procedures were performed in triplicate.

RESULTS

Heat inactivation and injury. Beef, cider, and salami strains reached stationary

growth phase within 16 hr at 37°C and 7 days at 10°C. Thermal inactivation curves for
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the test strains grown at 10 and 37°C and heated at 52, 54, and 56°C are illustrated in
Figures 1-3,respectively. The salami strain was the most heat resistant strain tested,
whereas the beef strain was the least heat resistant strain tested. When strains were

cultured at 37°C, the greatest reduction (3.27 log CPU/ml)in the beef strain occurred

after heating for 60 min at 52°C. A maximum reduction of 2.33 log CFU/ml was
observed for the cider strain after heating at 56°C for 30 min, whereas maximum

reduction of 1.21 log CFU/ml for the salami strain occurred following 60 min at 54°C.
Heat induced inactivation was greater for strains grown at 10°C as compared with heat
inactivation of strains at 37°C. When grown at 10°C,the beef strain was the least heat
resistant strain and was reduced to 0.53 log CFU/ml after heating for 15 min at 56°C.

Decimal reduction times(D-values)for strains grown at 10 and 37°C and heated

at 52, 54, and 56°C are listed in Table 1. Growth of strains at 10°C as compared with
37°C had a significant impact on reducing (P<0.01) D-values at all heating temperatures.
When strains were cultivated at 10 and 37°C and heated at 54 and 56°C, the salami strain

possessed the highest(P<0.01) D-values. When grown at 10°C, the beef strain had the
lowest(P<0.01) D-values at all heating temperatures. However, when strains were grovra
at 37°C,these differences were less apparent.

Substantial portions oftest populations grown at 37°C and heated at 52, 54, and
56°C consisted of injured organisms, as illustrated in Figures 1-3,respectively. The
salami strain, grown at 37°C, was most resistant to heat stress and exhibited only 60.3%
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Table 1. D-values' for E. coli 0157:H7 strains grown at 10 and 37°C and subjected to heating, lactic acid, and freezing.
D-value (min)^ in peptone water:
Growth

temp(°C)
10

37

containing lactic acid (%)':
i

heated at:

Strain

52°C

54°C

56°C

0.1%

0.25%

at -20°C

0.5%

beef

11.2"

4.1"

2.5"

3.7"

1.2"

0.35"

1.3"

cider

40.7"

12.4"

5.1"

4.3"

1.8"

0.44"

1.7"

salami

37.6"

15.9"

5.9"

9.5"

3.6"

0.76"

1.4"

beef

17.7"

12.9"

9.3"

6.4"

4.2"

1.7"

1.6"

cider

89.4""

29.4"

14.1"

4.8"

2.3"

0.47"

2.2"

59.7"

26.4"

14.8"

8.8"

1.9"

1.7"

salami

120.5"

'Means within a column and within the same growth temperature followed by the same superscript(s) are not different
(P>0.05).

^Strains grown at 37°C had higher(P<0.01) D-values than for strains grown at 10°C, with the exception of the cider strain
stored in lactic acid.

^85% lactic acid solution.

maximum injury at 56°C. Considerably greater portions of cell populations were injured
when all strains were grown at 10°C(Table 2). Little difference in susceptibility to heatinjury was observed among strains grown at 10°C.
Lactic acid inactivation and injury. Inactivation was performed in PW held at

25°C for up to 25 hr. Populations of strains (controls) cultured at 10°C did not grow
during storage for 10 hr in PW containing no lactic acid, while strains grown at 37°C
increased by approximately 1 log CFU/ml after storage for 25 hr. Injury was not observed
among any strains grown at 10 or 37°C in PW containing no lactic acid.
Lactic acid inactivation of strains grown to stationary phase at 10 and 37°C in PW

containing 0.1, 0.25, and 0.5% of an 85% lactic acid solution are illustrated in Figures 4 6, respectively. Greater rates of inactivation in strains grown at 10 and 37°C occurred at

higher concentrations of lactic acid. The salami strain was the most lactic acid resistant
strain, as was expected due to the environment from which the strain was isolated. When
test strains were cultured at 37°C,the cider strain was the least resistant to lactic acid
inactivation. Greater lactic acid induced inactivation resulted when strains were grown at

10°C, as compared with strains grown at 37°C. When strains were grown at 10°C, the
beef strain was the least lactic acid resistant strain.

Table 1 illustrates D-values for beef, cider, and salami strains subjected to lactic

acid treatments. D-values for strains grown at 10°C were lower(P<0.01)than D-values
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Table 2. Maximum injury in E. coli 0157:H7 strains grown at 10 and 37°C and subjected to heating, lactic acid, and freezing.
Maximum injury(%)in:

temp.(°C)
10

PW containing lactic acid^ solution:

PW'heated at:

Growth

PW at -20°C

Strain

52°C

54°C

56°C

0.1%

0.25%

beef

97.7

97.1

97.8

99.2

92.3

100

57.5

cider

99.2

99.2

98.9

93.3

100

100

38.3

salami

98.9

99.5

97.7

79.4

99.8

99.8

41.6

beef

32.8

93.9

94.1

99.6

98.2

100

46.9

cider

71.8

93.3

93.1

98.8

99.8

100

52.9

salami

59.3

59.7

60.3

94.8

96.5

99.8

36.5

0.5%

OS

2>1

'0.1% peptone water.
^85% lactic acid stock solution.
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for strains grown at 37°C, with the exception ofthe cider strain stored in lactic acid.
When grown at 10°C,the salami strain had the highest(P<0.01) D-values in ail

concentrations of lactic acid. When grown at 37°C, the salami strain possessed higher
(P<0.01)D-values after storage in 0.1 and 0.25% lactic acid, while D-values for salami
and beef strains did not differ(P>0.05) when stored in 0.5% lactic acid. D-values for beef
and cider strains grovra at 10°C and stored in 0.25 and 0.5% lactic acid did not differ

(P>0.05). However, when strains were grown at 37°C the cider strain stored in 0.25 and
0.5% lactic acid had lower(P<0.01) D-values than the beef strain.

Maximum percentages of lactic acid induced injury in test strains grown at 10 and
37°C are shown in Table 2. For strains grown at 37°C, lactic acid induced injury was

minimal in 0.1% lactic acid but became more pronounced in 0.25 and 0.5% lactic acid
(Figures 4 - 6). When test strains were held in 0.5% lactic acid, all surviving cells of the
beef and cider strains were sublethally injured after 10 and 3 hr, respectively. When

strains were grown at 10°C, greater injury was apparent at all test concentrations of lactic

acid (Figures 4 - 6). After storage for 1 and 2 hr in 0.5% laetic acid, all survivors of beef
and cider strains, respectively, were injured.

Freeze inactivation and injury. The effects of storage at -20°C in PW on injury

and survival of strains grown at 10 and 37°C are illustrated in Figure 7. All strains
exhibited an initial reduction of 1.5 to 2.0 log CFU/ml after storage for 0.5 months.

Viable populations of all test strains were recovered throughout 7 months ofstorage at
-20°C. Tolerance to freezing was similar for all test strains. Survival oftest strains was
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not appreciably influenced by cultivation temperature until after 5 months of storage,
when strains cultivated at 37°C exhibited greater resistance to inactivation by freezing.
Table 1 illustrates D-values for strains subjected to storage at -20°C for 7 months.

D-values for strains grown at 10°C were lower(P<0.01)than D-values for strains grown
at 37°C. When grown at 10 and 37°C and stored at -20 for 7 months, the cider strain

possessed higher(P<0.01) D-values than beef and salami strains, while D-values for beef
and salami strains did not differ (P>0.05). Storage at -20°C had only a minor impact on

the development ofinjury within all strains. Only minor differences was observed among
strains within or between growth temperatures of 10 and 37°C. Maximum levels of injury

observed during the 7 month storage period ranged from 36.5%(salami strain) to 57.5%
(cider strain).

DISCUSSION

Since the emergence of beef carcass decontamination practices such as hot water
rinses, steam pasteurization, and high vacuum technology, heat resistance ofE. coli

0157:H7 has been of particular interest to the food industry. Results of this investigation
indicate that strains ofE. coli 0157:H7 are relatively resistant to heating at 52°C, but

become increasingly sensitive with increased temperature. Reportedly, E. coli 0157:H7

possesses no unusual heat resistance and is easily killed at pasteurization temperatures

(Doyle and Schoeni, 1984). However,the nature of the heating menstrua can dramatically
influence tolerance of microorganisms to heat(Rama Raju and Nambudripad, 1987).
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Constituents in food such as fat, carbohydrates, and proteins can increase heat resistance,
whereas deviation from neutral pH,certain salts, heat-resistant antibiotics, and

preservatives in food may promote heat sensitivity (Jay, 1996). Line et al.(1991)reported
E. coli 0157:H7 D-values at 52°C of 79 and 118 min, in lean and fatty ground beef,
respectively. In our study, D-values for E. coli 0157;H7 heated at 52°C in PW were 17.7,
89.4, and 120.5 min for beef, cider, and salami strains, respectively.

Results ofthis and other investigations indicate that E. coli 0157:H7 strains vary •
tremendously in their tolerance to heat inactivation. The salami strain was more heat
resistant than beef and cider strains when grown at 10 and 37°C. Variability in the heat
resistance exhibited among these strains ofE. coli 0157:H7 indicate that exposure to
different environments may select for resistance to sub-optimum conditions or

subsequent stress. It has been reported that certain sub-optimum environmental
conditions may result in protection from subsequent stresses (Jenkins et al., 1988).
Jackson et al.(1996)reported that E. coli 0157:H7 populations frozen in ground beef
demonstrated increased resistance to subsequent heat when compared with populations
not frozen.

In the present study, strains cultivated at 10°C were considerably less resistant to

heating than strains grown at 37°C. Similarly, Jackson et al.(1996)reported that
stationary phase populations ofE. coli 0157:H7 grown at 23 and 30°C were more

sensitive to heat than populations grown at 37°C. Katsui et al.(1981)concluded that
increased heat resistance associated with changes in growth temperature were attributable
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to alteration offatty acid composition in bacterial membranes. Bacteria grown at low
temperatures may incorporate more unsaturated fatty acids into their cell membranes in
order to maintain functional membrane fluidity (Beuchat, 1978). As a result, decreased
heat resistance may occur due to the reduced boiling point of unsaturated fatty acids
within the cell membrane.

E. coli 0157:H7 is fairly resistant to ^ 1.5% acetic, citric, or lactic acids applied
to beef carcasses (Brackett et al., 1994). Results obtained in our study indicate that,

although some variability exists among strains ofE. coli 0157:H7,the organism is
tolerant to concentrations up to 0.5% of an 85% (i.e., 0.425% lactic acid) lactic acid
solution in a non-nutritional medium. Miller and Kaspar(1994)reported that strains of E.

coli 0157:H7 survived in TSB adjusted to pH 2 with hydrochloric acid. Glass et al.

(1992)reported that reducing pH with lactic acid, as compared to hydrochloric acid,
results in an increased inhibitory response from E. coli 0157:H7.
The salami strain was the most lactic acid resistant strain tested, as was expected
due to the nature ofthe food from which the strain was isolated. The beef strain grown at

37°C was more resistant to lactic acid than the cider strain, possibly due to exposure of

the beef strain to lactic acid produced during rigor mortis of beef. Conner and Kotrola

(1995)reported that survival ofE. coli 0157:H7 in reduced pH culture medium is greatly
affected by the type of organic acid acidulant. Although the cider strain may be tolerant to

aeidity associated with apple eider(Miller and Kaspar, 1994; Semanchek and Golden,
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1996; Zhao et al., 1993), it should not be assumed that this strain is tolerant to acidic
conditions in general.

Sub-optimum growth temperature had a considerable impact on reducing lactic
acid tolerance ofthe beef and salami strains. Although information concerning the effect

of growth temperature on acid resistance ofE. coli 0157:H7 has not been reported,
several investigators have reported increased tolerance ofE. coli 0157:H7 to acidic

conditions when apple cider was stored at higher near-refrigeration temperatures,

compared with storage at higher temperatures(Besser et al., 1993; Miller and Kaspar,
1994; Zhao et al., 1993). Furthermore, Conner and Kotrola(1995)concluded that at 4°C,

the presence of organic acids results in enhanced survival ofE. coli 0157:H7. In another
investigation, addition ofsodium lactate to TSB stored at 4°C enhanced E. coli 0157:H7
survival for the initial 3 weeks of storage, and stimulated growth after 4 to 5 weeks of
storage(Conner and Hall, 1996).

Although populations ofE. coli 0157:H7 strains declined steadily throughout

storage at -20°C in PW,substantial numbers were recovered after 7 months of storage.
Conner and Hall(1996)reported that E. coli 0157:H7 decreased only 1 log CFU/g after

storage for 18 months at -20°C in chicken meat. It has been reported that freezing may
alter nutritional requirements of Gram-negative pathogens (Hartsell, 1951), and the loss

of viability in cells subjected to freezer storage can differ from strain to strain and depend
on the nature and composition ofthe food (Jay, 1996).
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Although freezing had minimal impact on the development of injury, substantial
portions of strain populations subjected to heat and lactic acid were injured. Growth of
strains at 10°C resulted in considerably greater injury within all strains subjected to heat
and lactic acid. Storage at 10°C could be considered as an abusive temperature situation
to which foods may be exposed during improper refrigeration. The presence of
sublethally injured E. coli 0157:H7 in improperly refrigerated foods could be overlooked

due to inadequate recovery ofinjured cells on selective recovery media.
Results ofthis investigation indicate the need to account for injured organisms
when assessing the microbial load of processed foods and foods which inherently possess
characteristics conducive to sublethal bacterial injury. With technological advances in

food processing on the rise, the possibility exists that increasing numbers of injured
bacteria may be present in food but not detected. Development of injury, as well as

inactivation, may vary from strain to strain, possibly due to environmental adaptations.
Therefore the need to test multiple strains for responses to such processes will become
increasingly important.
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CHAPTER IV

EFFECT OF PACKAGE ATMOSPHERE ON GROWTH AND SURVIVAL
OF UNINJURED AND SUBLETHALLY HEAT-INJURED
ESCHERICHIA C0I/0157:H7

ABSTRACT

The effect of atmospheric composition on growth and survival of uninjured and
sublethally heat-injured E. coli 0157:H7,inoculated onto brain heart infusion agar
containing 0.3% beef extract, was determined. Media were packaged in air, 100% CO2,

100% N2,20% CO2/8O %N2,and vacuum stored at 4, 10, and 37°C for up to 20 days.
Package atmosphere and inoculum status (i.e., uninjured or heat-injured) influenced
(P<0.01) growth and survival of E. coli 0157:H7 stored at all test temperatures. Growth
of heat-injured E. coli 0157:H7 was slower(P<0.01)than uninjured E. coli 0157:H7
stored at 37°C. At 37°C, uninjured E. coli 0157:H7 reached stationary phase growth

earlier than heat-injured populations. Uninjured E. coli 0157:H7 grew during 10 days of

storage at 10°C, while heat-injured populations declined during 20 days ofstorage at
10°C. Uninjured E. coli 0157:H7 stored at 10°C reached stationary phase growth within
approximately 10 days in all packaging atmospheres except CO2. Populations of
uninjured and heat-injured E. coli 0157:H7 declined throughout storage for 20 days at

4°C. Survival of uninjured populations stored at 4°C, as well as heat-injured populations
stored at 4 and 10°C, was enhanced in CO2 atmosphere. Survival of heat-injured E. coli
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0157:H7 at 4 and 10°C was not different(P>0.05). Results of this investigation indicate
that uninjured and heat-injured E. coli 0157:H7 are able to survive at low temperatures in
the modified atmospheres used in this study. Therefore, packaging treatments commonly
applied to fresh beef may be ineffective at inhibiting growth and survival ofthis
pathogen.

INTRODUCTION

Escherichia coli 0157:H7 was identified as a foodbome pathogen in 1982, when

two outbreaks characterized by bloody diarrhea were linked to consumption of
contaminated hamburgers(Riley et al., 1983; Wells et al., 1983). The largest reported
outbreak of E. coli 0157:H7 foodbome illness occurred between in 1993 in the Western

United States (Davis et al., 1993). Over 600 patients were treated for hemorrhagic colitis
and/or hemolytic uremic syndrome; 75% of reported infections were linked to

consumption of hamburger patties (Tarr, 1994). O'Brien et al.(1993)reported that five
strains isolated from the Pacific Northwestern U.S. outbreak were indistinguishable from
each other and were consistent with the E. coli 0157:H7 strain EDL993 first isolated in
1982.

Domestic cattle have been suggested to be important reservoirs ofE. coli

0157:H7. Several methods ofreducing visual and microbiological contaminants on beef

carcasses have been reported. These include hand trimming/spray washing techniques

(Gorman et al., 1996), hot water rinses(Barkate et al., 1993), rinsing solutions containing
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trisodium phosphate (Dickson et al., 1994), steam-vacuum sanitizing (Dorsa et al., 1996),

and organic acid rinses(Cutter and Siragusa, 1994). Organic acid rinses have been shown
to result in sublethal injury ofE. coli 0157:H7 on beef carcasses(Dickson and Siragusa,
1994). Sublethal injury in bacteria can also result from exposure to low temperature, heat,
reduced pH, drying, and sanitizers(Ray, 1986; 1989).
Modified atmosphere packaging(MAP)is an effective means of extending the
shelf-life of fresh, refrigerated foods (Farber, 1991). In the U.S., approximately 80% of
fresh beef is vacuum packaged before leaving the packaging facility (Jay, 1996),

primarily due to the effectiveness of vacuum packaging at reducing bacterial growth on
beef. Hao and Brackett(1993)observed minimal growth by E. co// 0157:H7 during

refrigerated storage. Packaging procedures commonly used by the food industry are
ineffective against reducing populations ofE. coli 0157:H7 and Listeria monocytogenes
(Beuchat and Brackett, 1990).

Most beef in the U.S. is packaged within atmospheres different from that

consistent with air. The presence of oxygen in packaged foods selects for growth of
aerobic microflora indigenous to the food itself. Although excluding oxygen from the

package often extends the shelf-life, typical signs of spoilage, such as off-odors and offflavors, can be absent. As a result, the microbiological safety offoods can be misjudged

due to growth of pathogenic bacteria. Several investigators have reported the ability of
foodbome pathogens such as L. monocytogenes and Aeromonas hydrophila to survive in

atmospheres consisting of little or no oxygen(Beuchat and Brackett, 1990; Golden et al..
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1989). Several investigators have also reported that anaerobic atmospheres can enhance

survival or growth of pathogens such as L. monocytogenes and A. hydrophila after
exposure to sublethal stress(Gadzella and Ingram, 1994; Golden et ah, 1989). For
example, L. monocytogenes can survive the longtime pasteurization treatment required by
the U.S. Food and Drug Administration for milk when cells are grown at 43°C and

enumerated by strictly anaerobic Hungate techniques(Knabel et ah, 1990). Murano and

Pierson(1992)reported that when E. coli 0157:H7 are grown anaerobically, heat shock

proteins are synthesized, resulting in an increase in the number of cells capable of
recovery after subsequent heat treatment.

Results of previous investigations suggest that certain gaseous atmospheres may
increase the likelihood ofE. coli 0157:H7 recovering from injury or increase its tolerance

to subsequent stresses. This investigation was undertaken to determine the effects of

package atmosphere on the growth and survival of uninjured and heat-injured E. coli
0157:H7 stored at 4, 10, and 37°C.

MATERIALS AND METHODS

Test culture and maintenance. E. coli 0157:H7 strain 380-94, isolated from an

outbreak associated with salami(380-94), was used for study, and was obtained from Dr.
A.M. McNamara USDA-FSIS, Washington D.C. The test culture was grown to the

stationary phase at 10°C in tryptone soya broth(TSB; Unipath Oxoid USA,Ogdenburg,

NY). This test strain reaches stationary growth phase after 7 days at 10°C in TSB,and
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has been shown to possess substantial resistance to inactivation by beating, freezing, and
exposure to lactic acid (Semancbek and Golden, 1996). Test cultures were subjected to a
minimum of three successive stationary phase transfers before experimentation.
Preparation of inocula. Subletbal beat-injury (approximately 90%)was induced

according to the method of Semancbek and Golden (1996). A stationary phase culture of
E. coli 0157:H7 strain 380-94 was inoculated into 100 ml of0.1% peptone water(PW)in

a 250-ml Erlenmeyer flask (final population ofapprox. 1x10' CFU/ml). The culture
suspension was heated for 10 min at 56°C under constant agitation(150 rpm), in an
orbital shaking water bath(Lab Line Instruments, Inc., Melrose Park, IL). The water level

ofthe bath was adjusted such that flask contents were below the water level throughout
heat treatment. After heating, 10 ml ofthe heated suspension were removed, placed into
sterile test tubes, and placed in ice to terminate heat treatment. Cooled cultures were
serially diluted in PW and surface plated (0.1 ml)in duplicate onto tryptone soya agar

(TSA; Unipath Oxoid USA,Ogdenburg, NY)and TSA containing 2% sodium chloride to
confirm percentages of viable and injured organisms.

Inoculation and gas packaging. Brain heart infusion agar(Oxoid)supplemented

with 0.3% beef extract(Oxoid)(beef extract medium,BEM,pH 7.0) in 60 x 15 mm Petri
dishes was inoculated with 0.1 ml of heat-injured or uninjured E. coli 0157:H7. An

unheated stationary phase culture, serially diluted in PW to obtain approximately the

same population of viable organisms in the heated culture, served as the uninjured control
inoculum. Final populations of about 10^ or 10' CFU/agar surface were obtained.
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depending on injury status and the subsequent storage temperature that was used. Inocula

were distributed over the BEM surface (28.3 cm^) using sterile bent glass rods and were
allowed to be absorbed for 15 min before packaging. Three holes(approx. 0.4 cm in
diameter) were melted into the lids of BEM plates using a Creative Woodburner Jr.

(Walnut Hollow, Dodgeville, WI)to facilitate gas exchange between the agar surface and
the atmosphere within each package.
Since E. coli 0157:H7 was not expected to grow at 4°C, and preliminary work
revealed that populations of heat-injured E. coli 0157:H7 are reduced during storage at
10°C,BEM "samples" were inoculated with higher populations of heat-injured and

uninjured E. coli 0157:H7(approx. 10'CPU)for monitoring survival. BEM samples
containing uninjured E. coli 0157:H7 at 10°C, as well as samples containing injured and

uninjured E. coli 0157:H7 stored at 37°C, were inoculated with low populations(approx.

10' CPU)for monitoring growth. Packaged BEM samples were stored at 4 and 10°C for
up to 20 days and at 37°C for up to 48 hr.
Gas packaging and analysis. BEM plates were packaged in high barrier bags

(Cryovac North America, Duncan, SC)in air, modified atmospheres consisting of 100%
CO2, 100% N2, a mixture of20%C02/80%N2,and vacuum, using a multivac packaging

system(Koch Multivac, Kansas City, MO). These gas concentrations are hereafter
referred as air, CO2,N2, CO2/N2, and vacuum. Permeability for oxygen in barrier bags is 3

to 6 cm'/m'/24 h/@ 1 atm., 4.4°C,0% RH.Permeability rates for N2, and CO2 were not
provided by the manufacturer.
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At each sampling interval, headspaee gas in packages, except those packaged
under Vacuum, was measured prior to microbiological analysis. Septum tape(Modern
Controls; Minneapolis, MN)was placed on each sample package, through which a
syringe needle was inserted to remove gas samples. Gas samples were removed with

packaged samples submerged under water to eliminate the possibility of introducing
ambient atmospheres into the syringe. Head-space gas analysis of samples was performed
using a Hewlett-Packard 5890 Series II gas chromatograph equipped with a CTR 1
packed column (Alltech; Deerfield, IL). Thermal conductivity detector and injector port

were held at ambient temperature. Helium was used as the carrier gas at a rate of64
ml/min.

Microbial analysis. At selected sampling intervals, E. coli 0157;H7 populations
were determined as follows: the entire agar block from BEM samples was aseptically

removed from Petri dishes and placed into sterile stomacher bags with 50 ml ofPW.
Samples were pummeled for 2 min in a Stomacher 400 Lab Blender(Seward Medical,
London, UK),serially diluted in PW,and surface plated (0.1 ml)in duplicate onto TSA.
TSA plates were incubated at 37°C for 24 hr before colonies ofE. coli 0157:H7 were
enumerated. In addition, to compensate for instances in which surviving populations were
not sufficiently high to be enumerated by this dilution scheme, a second BEM sample

was removed from storage, unpackaged, and incubated at 37°C for 24 hr. In these

instances, survival was determined by the presence or absence of colony formation on
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BEM agar. The pH of pummeled samples was determined at the initial and terminal

sampling intervals with a Coming model 350 pH meter.
Statistical analysis. Statistical analyses were conducted using SAS version 6.1
(SAS Institute; Gary, NC). Data were fit to a completely randomized design with a

factorial treatment arrangement. Differences were evaluated noting the effects of package
atmosphere, inoculum status (i.e, uninjured or heat-injured), and storage temperature on
the survival and growth of uninjured and sublethally heat-injured E. coli 0157:H7.

RESULTS

Minimal or no change in pH of BEM was observed during storage, regardless of
treatment(Table 1). The initial pH of inoculated BEM samples was 7.22 prior to

packaging. As expected, the greatest change in pH occurred in media packaged in
elevated COjatmospheres (i.e., CO2 and CO2/N2).

Headspace gas analysis was measured in sample packages to assure bags did not'
possess leaks. Gas composition of packaged samples throughout storage at 37,10, and
4°C did not change appreciably during storage. However, small amounts of CO2 were

detected in air packages stored at 37°C and in air packages containing uninjured E. coli
0157:H7 stored at 10°C. Oxygen was not detected in CO2,N2, and CO2/N2 packaged

samples stored at 4, 10, and 37°C. However, concentrations of up to 6% N2 and 5% CO2
were detected in CO2 and N2 packages, respectively, during storage at 37,10, and 4°C.
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Table 1. pH of packaged BEM samples stored at 37, 10, and 4°C.
pH® ofsamples packaged in:
Storage

Growth

temp.(°C)

Inoculum

time

air

37

uninjured

24hr

7.48

48hr

COj/Nj

N2

vacuum

6.49

6.59

6.79

6.81

7.79

6.48

6.65

6.82

7.25

24hr

6.82

6.54

6.61

7.32

6.76

48hr

7.17

6.62

6.44

7.09

6.88

uninoeulated

48 hr

7.18

6.95

7.06

7.19

7.21

uninjured

1 day

7.05

6.78

6.96

7.29

7.33

20 days

7.34

o
6.69
o

6.54

6.74

6.97

1 day

7.24

6.85

7.04

7.26

7.29

20 days

7.09

6.73

6.97

7.34

7.32

20 days

7.34

6.73

6.97

7.34

7.32

1 day

7.25

6.78

6.97

7.27

7.26

20 days

7.23

6.59

6.88

7.29

7.28

1 day

7.26

6.81

6.87

7.22

7.28

20 days

7.23

6.61

6.9

7.27

7.20

20 day

7.27

6.85

6.93

7.34

7.30

injured

10

injured

iminoculated

4

uninjured

injured

uninoeulated

' pH of BEM immediately after inoculation with test organisms was 7.22.
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Survival and grovvth of uninjured and heat-injured E. coli 0157:H7 stored at 4,10, and
37°C were influenced(P >0.01) by packaging in air, CO2,N2, and CO2/N2, and vacuum.

Survival and growth rate were also affected (P<0.01) by the inoculum status (i.e.,
uninjured or heat-injured).
Growth of uninjured E. coli 0157:H7 packaged in air, CO2/N2, and vacuum stored

at 37°C (Figure 1) was statistically different(P<0.01). Growth rates during the initial 8 hr
of storage were greatest for samples packaged in air, CO2/N2, and vacuum. E. coli

0157:H7 packaged in CO2 and N2 exhibited extended lag phase growth for up to 4 hr,
after which rapid growth occurred until the stationary phase was reached at around 16 h.
Populations packaged in vacuum and CO2/N2 reached the stationary phase after about 12
hr. E. coli 0157:H7 packaged in air reached the stationary phase within 16 h, but grew to
higher populations than uninjured E. coli 0157:H7 packaged in all other atmospheres
including vacuum.

Heat-injured E. coli 0157:H7 stored at 37°C (Figure 2)exhibited slower(P<0.01)

growth and longer lag phases than uninjured populations stored at 37°C. Heat-injured E.
coli 0157:H7 packaged in air, CO2, and vacuum remained in the lag phase for 8 hr of
storage at 37°C. Slightly better growth was observed during the first 8 hr of storage for
heat-injured E. coli 0157;H7 packaged in CO2/N2, while heat-injured populations stored

in N2 were not enumerated until 12 hr. Heat-injured E. coli 0157:H7 packaged in air,

CO2,CO2/N2, and vacuum reached the stationary phase after 32 hr into storage at 37°C,
whereas, heat-injured populations packaged in N2did not reach the stationary phase
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Figure 1. Growth of uninjured E. coli 0157:H7 at 37°C on beef extract

medium packaged in air, 100% CO2, 100% N2,
20% C02/80% N2, and vacuum.
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Figure 2. Growth of sublethally heat-injured E. coli 0157:H7 at 37°C on
beef extract medium packaged in air, 100% CO2, 100% N2,
20% CO2/ 80% N2, and vacuum.
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during the 48-hr storage period. Growth of heat-injured populations packaged in air, CO2,
COj/Nj, and vacuum was faster than heat-injured populations packaged in Nj.
Growth of uninjured E. coli 0157:H7 stored at 10°C (Figure 3) were slower
(P<0.01)than populations stored at 37°C. In addition, all packaging treatments influenced
(P<0.01) growth of samples stored at 10°C. Uninjured populations remained in the lag
phase for up to 1 day, with the exception of those packaged in air. Growth of uninjured
populations packaged in air, N2, and vacuiun reached the stationary phase within
approximately 8 days of storage at 10°C. Populations of uninjured E. coli 0157:H7
packaged in CO2/N2 continued to increase throughout the 10-day storage period.
Uninjured E. coli 0157:H7 grew slowest in packages containing CO2,and reached a

maximum population of 5.2 log CFU/ml,as compared with uninjured populations of >8
log CFU/ml in all other packaging atmospheres at 10°C.

Heat-injured E. coli 0157:H7 stored at 10°C were more markedly affected by

package atmosphere than uninjured populations(P<0.01)euid decreased over the 20-day
storage period in all packaging treatments(Table 2). Packaging heat-injured E. coli
0157:H7 in CO2 resulted in the greatest survival. Heat-injured populations were

enumerated for up to 4 days in air, N2, and vacuum and up to 8 in CO2/N2 packaged
samples. Heat-injured populations packaged in CO2/N2

N2 were detected for up to 20

days. Survivors packaged in air and vacuum were detected for up to 4 and 8 days,
respectively.
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Figure 3. Growth of uninjured E. coli 0157:H7 at 10°C on beef extract

medium packaged in air, 100% CO2, 100% N2,

20% CO2/ 80% N2, and vacuum.
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Table 2. Survival of sublethally heat-injured E. coli 0157:H7 stored at 10 and 4°C in

different gaseous atmospheres.

"Surviving population (log CFU/ml)packaged in:
temperature

Storage
time (days)

air

CO2

CO2/N2

N2

vacuum

10°C

1

1.5

2.6

2.5

1.9

1.3

4

1.3

2.7

2.0

0.9

0.5

8

++^

2.3

1.1

++

nd"

12

nd

2.1

-m-

++

nd

16

nd

1.3

-n-i-

++

nd

20

nd

0.6

+++

++

nd

1

1.4

2.4

2.3

2.0

0.8

4

0.1

2.3

2.2

1.5

0.5

8

nd

2.2

1.3

0.2

0.1

12

nd

2.1

1.2

+++

nd

16

nd

2.1

1.0

++

nd

20

nd

0.8

0.2

nd

nd

Growth

4°C

"Initial heat-injured population was 4.2 log CFU/ml.
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each"+" indicates the number of replications in which survivors were detected but not
enumerated.
"Not detected
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Package atmosphere affected (P<0.01)the survival of uninjured E. coli 0157:H7

stored at 4°C, with populations in all packaging treatments decreasing throughout the 20day storage period (Figure 4). Approximately a 1.8 log CFU/ml decrease was observed

after 1 day of storage at 4°C, after which, steady declines in population were observed

for all packaging treatments. Uninjured E. coli 0157:H7 survived best in COj. After 20
days at 4°C, survival of uninjured E. coli 0157:H7 was enhanced by package atmosphere
in the order CO2 > C02/N2> air > N2> vacuum. Survival of heat-injured E. coli 0157:H7
at 4°C was poorer than uninjured populations(P<0.01). Heat-injured populations
packaged in air or N2 and vacuum were enumerated for up to 4 or 8 days, respectively,
when stored at 4°C(Table 2). Samples packaged in CO2 and CO2/N2 were enumerated at
populations of 0.8 and 0.2 log CFU/ml, after storage for 20 days at 4°C. Survival of heat-

injured E. coli 0157:H7 stored at 4°C was enhanced by package atmosphere in the order
CO2> C02/N2> N2> vacuum > air. Interestingly, survival of heat-injured E. coli
0157:H7 stored at 4°C was not different(P>0.05)than survival at 10°C.

DISCUSSION

BEM was used as the test medium to simulate a fresh beef substrate, with the

exception that pH was favorably adjusted to minimize adverse growth affects other than
those influenced by packaging atmosphere or temperature. Hao and Brackett(1993)

reported that E. coli 0157:H7 was not affected by modified atmospheres consisting of0
to 10% CO2,5 to 21% O2, and 70 to 95% Nj, when stored at 5, 10, and 20°C. Growth of
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Figure 4. Survival of uninjured E. coli 0157:H7 at 4°C on beef extract

medium packaged in air, 100% CO2, 100% N2,

20% C02/80% N2, and vacuum.

87

E. coli 0157:H7 is also not affected by modified atmospheres commonly used for
packaging vegetables(Abdul-Raouf et al., 1993).

Phebus et al.(1991)reported that survival of Campylobacterjejuni on turkey roll,
packaged in air was significantly lower at 4°C, as compared to other gas mixtures tested,
but storage in air allowed for substantial increases in aerobic spoilage microflora. In the

present study, uninjured E. coli 0157;H7 survived poorly at 4°C in air packaged samples,
while heat injured populations ofE. coli 0157:H7 stored at 4 and 10°C in air packaged
samples survived shorter than in sample packages not containing Oj. It is well
documented that some microorganisms possess catalase enzyme systems that provide

protection against lethally high levels of oxygen. Martin et al.(1976)reported that stress
due to heat and NaCl resulted in decreased catalase activity in Staphylococcus aureus. It

is likely that heat-injured E. coli 0157:H7 in our study may have possessed disfunctional
catalase enzyme systems. Storage at 4 and 10°C was likely inadequate to facilitate repair
of catalase enzymes in oxygen containing packages, whereas storage at 37°C possibly

provided cells adequate conditions to initiate repair, thus allowing for subsequent growth
in the presence of Oj.

Vacuum packaging is effective in extending shelf-life of fresh meats by reducing
bacterial growth (Jay, 1996). Heat-injured and uninjured E. coli 0157:H7 grew well on
vacuum packaged BEM at 37°C,compared to other package atmospheres. However,

when stored in vacuum at 4 and 10°C, populations were reduced more so than samples

packaged in other atmospheres, suggesting that storage temperature plays an important
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role in the effectiveness of vacuum packaging. Nissen et al.(1996)reported that

significant differences were not noted in coliform populations present on beef packaged
in 100% CO2 or vacuum at 2 and 6°C. It is important to note that the concentration of Oj
was likely higher in vacuum packaged BEM,than that in vacuum packaged beef, due to
the lack ofrespiring tissue or oxidative metabolism by indigenous microflora.
Although Blickstad and Molin(1983)reported that packaging pork loins and

frankfurters in 100% N2 extended shelf-life longer than vacuum packaging, beef

packaged in 100% N2 enhanced survival of C.jejuni at 4°C(Stem et al., 1986). In the
present investigation uninjured E. coli 0157:H7 grew well in N2 packages stored at IO°C,
but survival of injured and uninjured E. coli 0157:H7 at 4°C, and injured populations
stored at 10°C, were quickly reduced to undetectable levels in N2 packaged samples.

Interestingly, survival of uninjured and heat injured A. hydrophila stored at 4°C on brain
heart infusion agar is enhanced when packaged in 100% N2(Golden et al., 1989).

CO2 is believed to affect nutrient uptake, enzymatic activity, cell membrane

integrity, and cause adverse changes on the physio-chemical properties of proteins in
bacterial cells (Farber, 1991). Huffman et al.(1975)reported that steaks stored at 1.1°C

in 100% CO2 had lower populations of aerobic microorganisms after 27 days than steaks

packaged in 100% N2,100% O2, or air. In the present study, uninjured E. coli 0157:H7 in
CO2 packages exhibited restricted growth at IO°C, grew well at 37°C,and survived

longer at 4°C. It has been reported that Yersinia enterocolitica was reduced by 100,98,
and 43% in TSB packaged in 100% CO2 stored at 2,6,and 20°C(Ekiund and Jarmond,
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1983). However,the organism can grow on high-pH beef packaged in 100% COj at 5 and
10°C, while L. monocytogenes and A. hydrophila grew only at 10°C (Gill and Reichel,
1989).

The enhanced lethal effect of COj at lower temperatures is well documented, and

probably results from the increased solubility of CO2 and subsequent pH reduction at

lower temperatures(Wolfe, 1980). Hudson et al.(1994)reported that populations of L.
monocytogenes declined on roast beef packaged in saturated CO2 at 1.5°C, but grew at

3°C. In the present investigation, heat-injured E. coli 0157:H7 populations stored at 10°C
survived better when packaged in CO2 and CO2/N2 than other package atmospheres.
Nissen et al.(1996)reported that coliform populations on beef packaged in 20%

C02/80% N2 increased over 10 weeks of storage at 2°C, while packaging beef in 100%
C02 decreased coliform populations over 5 weeks. Our results indicate that uninjured

and heat-injured populations packaged in CO2and CO2/N2 at 4°C were recovered in the

highest populations, and there was no significant difference between storage of heatinjured E. coli 0157:H7 at 4 and 10°C. Nissen et al.(1996)reported that reducing storage
temperature from 2 to -1°C enhanced the bacteriostatic effects of elevated levels of CO2
in packaged samples.

"Hurdle technology" has been used in food preservation for over a century (Jay,

1996), and is based on the concept of introducing multiple stresses for bacterial

populations to overcome before proliferating in food. In the present investigation, the
overall result ofsublethal heat-treatment was an increased inhibitory effect of storage
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temperature and package atmosphere on growth and survival ofE. coli 0157:H7. Other
investigators have reported that packaging inoculated chicken thighs in air, 100% COj,
and vacuum after exposure to increasing levels of potassium sorbate, resulted in a more
inhibitory effect on growth ofS. aureus and Salmonella enteriditis(Gray et al., 1984).

Similarly, growth ofL. monocytogenes was inhibited on cooked tenderloin pork, when
samples were treated with nisin before packaging in atmospheres containing elevated
levels of CO2(Fang and Lin, 1994)
Results ofthis investigation indicate that heat-injured E. coli 0157:H7 are more
susceptible to MAP and low storage temperatures. Nevertheless, uninjured and heat-

injured E. coli 0157:H7 are able to survive at low temperatures in the modified

atmospheres used in this study. Also, packaging treatments commonly applied to fresh
beef, may be ineffective at inhibiting growth and survival ofthis pathogen. Therefore,
there is need to test the survival of uninjured and injured E. coli 0157:H7 in fresh beef,
while stored at low temperatures in atmospheres containing elevated levels of COj.
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CHAPTER V
SUMMARY AND CONCLUSIONS

Results ofthis investigation indicate that the environment from which E. coli

0157:H7 is isolated, as well as growth temperature, can influence resistance ofthe
organism to heat- lactic acid-, and freeze-stress. Uninjured and sublethally heat-injured
are able to survive at low temperatures in the modified atmospheres used in this study.

Therefore, packaging treatments commonly applied to fresh beef may be ineffective at

inhibiting growth and survival ofthis pathogen. Also, beef carcass steam pasteurization
can cause sublethal injury in bacterial populations thereby resulting in slower microbial

growth. However,enumeration media should accommodate the fastidious growth
requirements ofinjured bacteria for adequate detection. These conclusions were
formulated based on the following important observations;

(1)

Growth of strains at 10°C compared to 37°C, dramatically reduced resistance
to heat-, lactic acid-, and freeze-stress, with the exception of the cider strain
stored in lactic acid.

(2)

Substantial portions of strain populations were sublethally injured after
exposure to heat and lactic acid stress.

(3)

Greater portions of strain populations were sublethally injured when strains
were grown at 10°C, as compared to 37°C.

(4)

Difference were noted among the resistance of strains to heat and
lactic acid stress.
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(5)

Only minimal differences in survival among strains were observed during
storage at -20°C, and as affected by growth temperature.

(6)

Package atmosphere influenced growth and survival of uninjured and heatinjured E. coli 0157:H7 stored at 37, 10, and 4°C.

(7)

Growth of heat-injured E. coli 0157:H7 was slower at 37°C than uninjured
populations.

(8)

Uninjured E. coli 0157:H7 grew during storage at 10°C for 10 days, while
heat-injured populations declined during storage for 20 days at 10°C.

(9)

Uninjured and heat-injured E. coli 0157:H7 were reduced throughout storage
for 20 days at 4°C.

(10)

There was no difference in survival of heat-injured populations stored at 10
and 4°C.

(11)

Elevated levels of CO2 in packages enhanced survival of heatinjured organisms stored at 4 and 10°C, as well as uninjured populations
stored at 4°C.

97

VITA

Jeffrey John Semanchek was bom in New Alexandria, Pennsylvania on May 4,1971.
He graduated from Greensburg Salem High School in June, 1989. Several months later he
moved to Rock Hill, SC to attend Winthrop University. In December of 1994, he

officially received his Bachelor's of Science Degree in Biology, with a minor in general
chemistry. In August 1994, he entered a Master's Degree program in Food Science and

Technology at The University of Tennessee (Knoxville, TN). He graduated with his
Master's Degree in May, 1996.

98

82784836 1!
12/01/97

tm

